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The nicotinic acetylcholine (ACh) receptors and the other 
neurotransmitter-gated ion channels have key roles in fast 
synaptic transmission throughout the nervous system. 
These receptors have a simple functional repertoire: they 
bind a specific neurotransmitter, open a gate, conduct spe- 
cific ions across the membrane, and desensitize. Although 
it is easy for us to imagine in a general way how they might 
carry out these steps, to determine the actual mechanism 
requires more detailed structural information than we now 
have. Nevertheless, new information about the parts of 
these receptors that are in the front line of function, the 
neurotransmitter binding sites, the ion-conducting chan- 
nel, and the gate, provides intriguing clues, albeit not al- 
ways consistent ones, about the mechanisms of these 
receptors. Most progress toward understanding function 
in terms of structure has been made with the ACh recep- 
tors, on which we will focus, at the same time noting what 
is conserved and what is variable among all of the neuro- 
transmitter-gated ion channels. 
The ACh receptors are members of a family of neuro- 
transmitter-gated ion channels, which also includes recep- 
tors for y-aminobutyric acid (GABA), glycine (Gly), and 
5hydroxytryptamine (5HT; Nodaet al., 1983; Grenningloh 
et al., 1987; Schofieldet al., 1987; Maricqet al., 1991); also 
in this family is an invertebrate glutamate-gated chloride 
channel (Gully et al., 1994). The subunits of these recep- 
tors have similar sequences and distributions of hydropho- 
bic, membrane-spanning segments and are homologous 
(Figures 1 and 2). In this family, each subunit contains, in 
its N-terminal extracellular half, 2 cysteine (Cys) residues 
separated by 13 other residues. These Cys residues are 
disulfide linked in the ACh receptor (Kao and Karlin, 1986) 
and presumably in the homologous receptors, thereby 
closing a 15-residue loop. Because of this unique, invari- 
ant feature, we will call this family the Cys-loop receptors. 
The subunits of other ligand-gated ion channels-the re- 
ceptors for glutamate (cation-conducting), for ATP, and 
for the second messengers, CAMP and cGMP-have se- 
quences and distributions of putative membrane-span- 
ning segments that are dissimilar from those of the Cys- 
loop receptors (Figures 1 and 2). Despite the differences 
in their structures, all of these ligand-gated ion channels 
carry out the same general functions. This implies that, 
at the level of detailed mechanisms, there are many ways 
of recognizing specific ligands, of transducing binding into 
propagated structural changes, of gating a channel, and 
of selecting and conducting specific ions through a mem- 
brane. It is likely, however, that among the homologous 
Cys-loop receptors the mechanisms are very similar and 
that insight into one is applicable to all. 
Overall Structure 
The path to our understanding function in terms of struc- 
ture is for us to identify the residues that contribute to ACh 
binding, to the gate, and to ion-conduction, and to locate 
these residues in the tertiary structure of their subunits, 
the subunits in the quaternary structure of the receptor, 
and the whole structure relative to the plane of the mem- 
brane. Ultimately, we must know how the structure 
changes in going from one functional state to another. As 
we will discuss later, many of the residues in the binding 
sites and in the channel are known. It is not yet possible, 
however, to locate them precisely in three dimensions. 
Nevertheless, the qualitative location of residues relative 
to the membrane, the so-called membrane topology of 
the subunits, and the arrangement of the subunits in the 
complex are fairly well established for the ACh receptor. 
Furthermore, Unwin (1993, 1995) solved the three- 
dimensional structure of the ACh receptor in membrane, in 
the absence and in the presence of ACh, to 9 A resolution, 
sufficient for him to identify some salient structural fea- 
tures (Figure 3) and some ACh-induced changes in these 
features. 
The ACh receptors are pentamers. In muscle cells, they 
have the composition a&G or a&8 (Karlin, 1991). The 
y subunit is expressed in embryonic muscle and the E 
subunit in adult muscle (Mishina et al., 1986). Although 
in muscle cells there is just one type each of a and 6, in 
nerve cells there are several types of a and 8, designated 
a2-a9 and 82-84 (McGehee and Role, 1995). Functional 
complexes with the compositions of (a4)#2)3 and (a7)5 
have been obtained by heterologous expression of these 
subunits (Anand et al., 1991; Cooper et al., 1991). Other 
members of the Cys-loop receptor family, GABA receptors 
(Luddens et al., 1991; McKernan et al., 1991; Backus et 
al., 1993; Nayeem et al., 1994; Pollard et al., 1995) and 
Gly receptors (Langosch et al., 1988) appear to be hetero- 
pentamers. 
Within each family of receptors, the subunits are suffi- 
ciently similar that we assume that they have the same 
membrane topology. For the Cys-loop receptor subunits, 
the evidence, largely from work with the ACh receptor, 
strongly supports the original prediction (Claudio et al., 
1983; Devillers-Thiery et al., 1983; Noda et al., 1983) that 
there are four membrane-spanning segments, Ml-M4, 
and that the N-terminus and C-terminus are extracellular 
(see Figure 2). Although originally assumed to have the 
same topology as the ACh receptors, the cation-conduct- 
ing glutamate receptors appear to have a different topol- 
ogy, with three membrane-spanning segments and a 
membrane-embedded loop (see Figure 2). 
Unwin (1993) determined the three-dimensional struc- 
ture of the ACh receptor by electron microscopy of two- 
dimensionally-ordered arrays of receptor in Torpedo elec- 
tric tissue membrane fragments embedded in ice. After 
long incubation at room temperature, a small fraction of 
the receptors in these membrane fragments form two- 
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Frgure 1. Characteristic Features of the Sequences of Typical Subunits 
of Gated, Ion-Conducting Receptors 
The activating ligands are at left. The length of the line is proportional 
to the length of the mature sequence. The 19residue disulfide-linked 
loop is indicated in the typical subunits of the four classes (ACh, 5HT3. 
GABA&, and Gly) of Cys-loop receptors. The black boxes indicate puta- 
tive membrane-spanning hydrophobic segments. The shaded boxes 
indicate loops that are postulated to dip into the membrane and, by 
analogy with the P loops of the voltage-gated channels, to contribute 
to the lining of the pore. 
dimensional crystalline arrays that roll up into tubes, The 
electron microscopic images of these tubes, each con- 
taining thousands of receptors, were averaged and com- 
bined by helical diffraction methods to yield the structure 
at 9 A resolution (Figure 3). In outline, this structure is 
similar to previously proposed structures (Stroud et al., 
1990; Karlin, 1991). It is a narrow-waisted cylinder, with 
five subunits surrounding a central channel. The channel 
---l,P c “1’4r-JI 
lumen is wide in the extramembranous domains and too 
narrow to resolve in the membrane-spanning domain. 
At 9Aresolution, Unwin’s structure provides unforeseen 
new details. Three rods of density, presumed to be a heli- 
ces, are seen in the extracellular domains of each subunit. 
In addition, a single kinked rod in the membrane-spanning 
domain of each subunit is in the appropriate position to 
line the narrow portion of the channel. This rod was hypoth- 
esized to be a kinked a helix. Based on other evidence 
that the M2 segments line the channel (see below), Unwin 
postulated that the kinked rod was the M2 segment. No 
other rods were resolved, and Unwin hypothesized that 
the other membrane-spanning segments, Ml, M3, and 
M4, form 8 strands and that the membrane-embedded 8 
strands from all five subunits together form a large 8 barrel 
surrounding the five a-helical M2 segments. This view is 
contrary to the original assumption that the membrane- 
spanning segments are entirely a helical (Claudio et al., 
1983; Noda et al., 1983; Devillers-Thiery et al., 1983). 
There is other evidence that the membrane-spanning 
segments are not entirely a helical. Gorne-Tschelnokow 
et al. (1994) treated receptor-rich membrane with a proteo- 
lytic enzyme to chew away the extramembranous domains 
of the receptor and estimated by spectroscopic methods 
that the fragments remaining in the membrane were about 
50% a helical and about 40% 8 strand and turn. 
Secondary structure was inferred also from the pattern 
of residues subject to covalent modification either by polar 
reagents in the channel or by hydrophobic reagents in the 
lipid bilayer. The susceptible residues are those exposed 
along one side of a membrane-spanning segment. Cyste- 
ine mutagenesis and covalent modification of cysteines 
that face the channel indicated that M2, except for 3 resi- 
dues in the middle, is a helical (Akabas et al., 1994) but 
that the half of Ml toward the extracellular side of the 
membrane is nonhelical (Akabas and Karlin, 1995). The 
pattern of residues that reacted with a hydrophobic label 
indicated that at least part of M3 and M4 in each of the 
Figure 2. The Membrane Topologies of the Dif- 
ferent Classes of Receptor Subunits 
Evidence for the sidedness of the numbered 
a18 
regions is in the following papers. 
cys-Loop Glutamate 
Receptors Receptors 
Cys-loop receptors: (1) Cleaved-signal se- 
quence(Anderson and Blobel. 1961). (2)Glyco- 
sylation (Chavez and Hall, 1991). (3) Agonist- 
binding-site residues (Kao et al., 1964; Amin 
and Weiss, 1993). (4) a-bungarotoxin binding 
site (Barchan et al., 1992; Chaturvedi et al., 
1992). (5) Neaativelv charged MTS-ethvl- 
Cyclic Nucleotide Purine P,, 
sulfonate reacts with hY2136 in Ml (Akabas 
Gated Receptors Receptors 
and Karlin, 1995). (6) Sidedness of MgZ+ inter- 
action with charged residues flanking the M2 
segment (Imoto et al., 1966). (7) MTS-ethylsulfonate reacts with aE262C and aV255C in M2 (Akabas et al., 1994). (6) Sidedness of Mg2’ interaction 
with charged residues flanking the M2 segment (Imoto et al., 1968). (9) Phosphorylation sites in the M3-M4 loop (Yee and Huganir, 1967; Moss 
et al., 1992). (10) Antibody epitopes (Anand et al., 1993) and prolactin fusion (Chavez and Hail, 1992) in the M3M4 loop. (11) Extracellular, 
C-terminus disulfide in Torpedo 6 subunit (McCrea et al., 1967; DiPaola et al., 1989) and prolactin fusion (Chavez and Hall, 1992). 
Glu receptors: (12) Glycosylation sites (Hollmann et al., 1994). (13) Protease sensitivity of the ends of the M2 segment (now P loop; Bennett and 
Dingeldine, 1995). (14) Glutamate-binding site between the extracellular N-terminal segment and the M3-M4 loop (Nakanishi et al., 1990; O’Hara 
et al., 1993; Stern-Bach et al., 1994). (15) Glycosylation sites in the M3-M4 loop (Roche et al., 1994; Wo and Oswald 1994). (16) Phosphorylation 
of the C-terminal domain (Tingley et al., 1993). 
Cyclic nucleotide-gated channels: (17) Cytoplasmic C-termrnal cyclic-nucleotide binding domain (Goulding et al., 1994). 
Purine Pz, receptors: (16) Walker-A ATP binding motif (Brake et al., 1994; Valera et al., 1994). 
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Figure 3. The ACh Receptor in Axial Section through the Channel 
The posrtions of the kinked transmembrane rods are shown with heavy 
lines, and the limits of the 30 A thick lipid bilayer are shown with dotted 
lines. The axial density on the cytoplasmic side is presumed to be the 
43K protein. (Taken from Figure 13 in Unwin, 1993.) 
subunits is a helical, whereas the middle of Ml is not a 
helical (Blanton and Cohen, 1994). We conclude that the 
helical content of the membrane-spanning segments is 
less than the initially assumed 1000/o, but more than the 
25% inferred from the 9 A resolution structure. 
Acetylcholine Binding Sites 
Agonist-induced Functional Changes 
Although the.number of distinct functional states of the 
ACh receptor is not known, there is ample evidence for 
three types of functional states (Figure 4) (Katz and Thes- 
leff, 1957; Sakmann et al., 1980; Neubiget al., 1982; Heid- 
mann et al., 1983; Jackson, 1989; Auerbach, 1993; Hess, 
1993): there is a resting state, which predominates in the 
absence of agonist, and in which the probability of the 
channel opening is very small. There are active states, 
which predominate transiently for tens of milliseconds 
after agonist is bound and in which the probability of the 
channel opening is large. Finally, there are desensitized 
states that predominate after exposure to agonists for hun- 
dreds of milliseconds and in which the affinity for agonist 
is the highest and the channel is closed. There are two 
agonist binding sites, and the transition to an open, active 
state is favored by the occupation of both agonist binding 
sites. 
Agonist-induced Structural Changes 
Because the ACh binding sites are in the extracellular 
domain of the receptor and the gate is close to the cyto- 
plasmic end of the channel (see below), it is axiomatic 
that ACh binding triggers the opening of the channel via 
propagated conformational changes. Unwin (1995) ob- 
served rapid ACh-induced changes in the structure of the 
receptor both in the extracellular domain and in the mem- 
brane-spanning domain. In the extracellular domain of the 
a subunits, he observed changes in the disposition of three 
rodsof density that he postulated were a helices enclosing 
the ACh binding sites. Also, agonists, but not competitive 
inhibitors, altered the susceptibility of residues in the ACh 
binding sites to covalent modification (Damle and Karlin. 
1980). Thus, the structures of the ACh binding sates are 
changed locally by the binding of agonists, concomitant 
with the transitions of the receptor between functional 
states. Noncompetitive inhibitors that promote the desen- 
sitized state also altered the susceptibility of residues in 
the ACh binding sites to covalent modification and, hence. 
the structures of the ACh binding sites are different in the 
resting and desensitized states (Galzi et al., 1991 b). 
One aspect of the agonist-induced change in local struc- 
ture was suggested by the functional effects of affinity 
labels that were attached to cysteine residues (aCys-192/ 
193) in the ACh bindingsite(Karlin, 1969; Kaoet al., 1984). 
The positively charged quaternary ammonium group of 
each of these labels is at the opposite end of the molecule 
from the end that attaches to the binding-site Cys. The 
maximal overall lengths of these labels varied from 9 A 
to 12 A. The shorter ones irreversibly activated the recep- 
tor, and the longer ones irreversibly inhibited the recep- 
tors. This suggested that activation involves a decrease in 
the distance between the part of the binding site containing 
the adjacent cysteines and the part of the ACh binding 
site that interacts with the positively charged quaternary 
ammonium group. 
Also, to a first approximation, reversible agonists are 
either short or flexible, whereas competitive antagonists 
are bulky and rigid. Thus, activation and desensitization 
of the receptor by agonists, but not by competitive antago- 
nists, could start with a contraction of the binding site be- 
tween a negative subsite, which interacts with the quater- 
nary ammonium group of both reversible and tethered 
agonists, and a second subsite, near to the adjacent cyste- 
ines, that interacts with the uncharged tail of short, mono- 
quaternary agonists or the uncharged middle of long, flexr- 
ble bisquaternary agonists (Figure 4). Since the tails of 
agonists can be completely hydrophobic, as in butyltn- 
methylammonium, or can include hydrogen bonding part- 
ners, as in ACh and carbamylcholine, the second site is 
likely also to include both hydrophobic and hydrogen bond- 
ing residues. Occupation of the second subsite is not indis- 
pensable for activation, however, since tetramethylammo- 
nium lacks a tail and yet is an agonist, albeit 1000 x less 
potent than ACh. 
Residues at the ACh Binding Sites 
The adjacent aCys-192 and aCys-193 are the sites of at- 
tachment of tethered agonists and antagonists (Kao et al., 
1984) and therefore are in the binding site close to the 
second subsite and 9-l 2 A from the negative subsite (Fig- 
ure 4). In the native receptor, these cysteines form a disul- 
fide bond (Kao and Karlin, 1986). (These adjacent Cys are 
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The quaternary structure of the resting state, 
which is the lowest free energy state in the ab- 
sence of agonist, and of the desensitized state, 
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found only in a subunits and are different from the pair of 
nonadjacent cysteines found in all subunits of the Cys-loop 
receptor family.) Also in the a subunits, 4 other residues, 
Tyr-93, Trp-149, Tyr-190, and Tyr-198, were affinity la- 
beled by derivatives of agonists or antagonists and, thus, 
are likely to be in the binding site (Dennis et al., 1988; 
Abramson et al., 1989; Galzi et al., 1990; Cohen et al., 
1991; Middleton and Cohen, 1991). Various mutations of 
the adjacent cysteines and of the 4 aromatic residues 
caused decreases in the apparent affinity for ACh, ranging 
from 5fold to lOO-fold (Mishina et al., 1985; Galzi et al., 
1991a; Tomaselli et al., 1991; O’Leary and White, 1992; 
Aylwin and White, 1994). The 8 residues are invariant 
among the a subunits from different species (with the ex- 
ception that in neuronal a5, Asp-190 replaces Tyr-190). 
An important constraint on the tertiary structure of the a 
subunit is that three widely separated segments of the 
sequence of the N-terminal extracellular half of the a sub- 
unit-the first containing Tyr-93; the second, Trp-149; and 
the third, Tyr-190, Cys-192, Cys-193, and Tyr-198-come 
together at the ACh binding site (Galzi et al., l991a). 
Residues in the y and 6 subunits also contribute to the 
binding of ACh (Figure 4). Negatively charged residues in 
by electron microscopy (Karlin et al., 1993) and 
is consistent with the location of the ACh bind- 
ing sites and the quasisymmetry of the receptor 
(Karlin, 1991; Machold et al., 1995). 
6 were cross-linked to-the binding site residues aCys-192 
and aCys-193 by a 9 A long cross-linker (Czajkowski and 
Karlin, 1991, 1995). Thus, the cross-linked carboxylate 
groups on the 6 subunit and the negative subsite are both 
within 9 A of aCys-192/193. The mutation to Asn of just 
one of these negatively charged residues, &Asp-180, de- 
creased the affinity for ACh by about 200-fold (Czajkowski 
et al., 1993). Also, the mutation of the aligned residue in 
the Y subunit, yAsp-174, to Asn had the same effect (M. 
Martin et al., unpublished data). Furthermore, each muta- 
tion also reduced by 200-fold the affinity for the tailless 
agonist tetramethylammonium. In 6, Glu-189 also makes 
a contribution to the binding of ACh. These negatively 
charged residues are likely to contribute to the negative 
subsite (Figure 4). Their presence in the binding site is 
consistent with its negative electrostatic potential (Stauffer 
and Karlin, 1994). 
Another residue in each of y and 6 is likely to be in 
or close to the binding site. The competitive antagOniSt 
d-tubocurarine, when photoactivated, labeled yTrp-55 and 
6Trp-57, as well as aTyr-190, aCys-192, and aTyr-198 
(Chiara et al., 1992, FASEB J., abstract; Xie et al., 1994, 
Sot. Neurosci., abstract). Mutations of yTrp-55 and 
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STrp-57 of mouse muscle ACh receptor (O’Leary et al., 
1994) and of the aligned Trp-54 in the a7 subunit of the 
homopentameric neuronal ACh receptor (Corringer et al., 
1995) had small to moderate effects on the binding of ago- 
nists and competitive antagonists. 
The expression of combinations of subunits showed 
that, in muscle-type ACh receptor, one ACh binding site 
is formed by a and y (or E), and the other ACh binding site 
is formed by a and S (Kurosaki et al., 1987; Blount and 
Merlie, 1989; Sine and Claudio, 1991; Sine, 1993). The 
identification of binding-site residues in the a, y, and 6 
subunits showed that the binding sites are actually in the 
interfaces between the subunits (Pedersen and Cohen, 
1990; Czajkowski and Karlin, 1991, 1995). In muscle-type 
ACh receptors, the different affinities of the two binding 
sites for both agonists and antagonists are manifestations 
of the different pairs of subunits that form the two sites 
(Damle and Karlin, 1978; Neubig and Cohen, 1979; Dowd- 
ing and Hall, 1987; Sine, 1993; Hann et al., 1994). 
How might these residues interact with ACh? The 
aligned SAsp-180 and yAsp-174, which are negatively 
charged and are at the appropriate distance from aCys- 
192/193 (determined only for one of them), are likely to 
interact with the positively charged quaternary ammonium 
group of ACh. The aromatic side chains of Phe, Tyr, and 
Trp also can bind quaternary ammonium groups by a com- 
bination of electrostatic and hydrophobic interactions 
(Dougherty and Stauffer, 1990). The high resolution struc- 
tures of acetylcholinesterase (Sussman et al., 1991) and 
of an anti-phosphocholine antibody (Satow et al., 1986; 
Glockshuber et al., 1991) show that aromatic residues play 
a major role in the binding of the quaternary ammonium 
group. In the antibody, both aromatic and carboxylate side 
chains interact simultaneously with the quaternary ammo- 
nium of choline. We suggest that in the ACh receptor bind- 
ing site, also, both carboxylate and aromatic side chains 
form the negative subsite and bind the quaternary ammo- 
nium end of ACh. Other aromatic side chains, perhaps 
including that of aTyr-190, near aCys-192/193, may con- 
tribute to the second subsite and bind the other end of ACh 
through hydrophobic interactions and hydrogen bonds. 
Agonist-Induced Structural Changes Revisited 
The binding of agonists promotes local changes in the 
binding sites and global changes in the structure of the 
receptor that are manifested as channel opening and de- 
sensitization. The rate constants of these transitions, as 
well as the intrinsic binding constants of the different 
states, are factors in the observed apparent affinity of an 
agonist. Correspondingly, mutationsof residuescontribut- 
ing to the binding site can have different effects on the 
apparent affinities of agonists and of competitive antago- 
nists, which do not induce these transitions. As mentioned 
above, the mutations of either yAsp-174 or SAsp-180 to 
Asn decreased the affinity of ACh 200 x , but these muta- 
tions decreased the affinity of d-tubocurarine only 10x 
and 2 x , respectively (M. Martin et al., unpublished data). 
The mutation of aTyr-93 to Phe decreased ACh affinity 
50 x , but d-tubocurarine affinity at most 2 x ; and the muta- 
tion of aTyr-190 to Phe had similarly greater effects on 
ACh affinity than on d-tubocurarine affinity (Sine et al., 
1994). All of these residues probably play a role in the 
transduction of binding into a change in state; i.e., they 
move when agonist is bound. Since these residues can 
be affinity labeled, they are likely to be close to ligands 
in the binding site. Thus, these residues might move to 
make closer energetically more favorable contact with ag- 
onist in the transitions leading from the resting state to the 
active and the desensitized states. Among these changes 
would be the movements of yAsp-174 and SAsp-180, as 
part of the negativesubsites, toward aCys-192/193 (Figure 
4), already inferred to occur from the comparison of the 
lengths of the tethered agonists and antagonists. 
The location of the binding sites between subunits pro- 
vides a direct mechanism whereby the local structural 
changes induced by the binding of ACh could induce rela- 
tive movements of the subunits. The negative subsites are 
in part formed by residues on the y and 6 subunits, and 
the second subsite is close to aCys-192/193. On binding 
ACh, these subsites might move closer by a few angstroms 
(Karlin, 1969), rotating one subunit relative to its neighbor 
(Unwin, 1995). 
Other Receptors 
The agonist binding sites of other Cys-loop receptors are 
similar to those of the ACh receptors in that the residues 
involved are widely separated in the N-terminal half of 
the subunit sequences and that more than one subunit 
participates in binding. In the GABAA receptor, five resi- 
dues in the 0 subunit were identified as contributing to 
GABA binding (Deng et al., 1986; Sigel et al., 1992; Amin 
and Weiss, 1993). The residues in the 6 subunit of the 
GABAA receptor implicated in agonist binding are from 
three widely separated parts of the N-terminal half of the 
sequence, a distribution similar to, although not exactly 
aligned with, the distribution of binding-site residues in the 
a subunit of the ACh receptor. The [3 subunit of the GABAn 
receptor and the a subunit of the ACh receptor may play 
analogous roles in agonist binding. As in the ACh receptor, 
more than one subunit is involved in GABA binding: the 
a subunit of the GABAA receptor also contributes at least 
one residue to the binding site (Sigel et al., 1992; Smith 
and Olsen, 1994). In the Gly receptor, the residues impli- 
cated in agonist binding in the a subunit correspond ap- 
proximately to the ACh-binding site residues in the a sub- 
unit of the ACh receptor (Schmieden et al., 1993). In 
contrast to the agonist-binding site in the Cys-loop recep- 
tors, in the cation-conducting glutamate receptors, the ag- 
onist binding site appears to be formed between a seg- 
ment N-terminal to Ml and the M3-M4 loop (see Figure 
2) (Stern-Bach et al., 1994). This site has some similarity 
to the binding site of a bacterial periplasmic glutamine 
binding protein (Nakanishi et al., 1990). 
The homology of the Cys-loop receptors suggests that 
their mechanisms of coupling agonist binding to channel 
opening are likely to be similar. Evidence for the same 
mechanism in ACh receptor and 5HT, receptor is provided 
byachimeraof thetwo. Achimeraof the N-terminal, extra- 
cellular domain of the neuronal ACh-receptor a7 subunit, 
containing the ACh binding sites, and the complementary 
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Figure 5. The Residues in and Those Flanking the M2 Segment of the ACh Receptor a Subunit That Are Accessible in the Channel Lumen as 
Determined by the Substituted-Cysteine Accessibility Method 
The susceptibility of the cysteine-substitution mutants to covalent modification by methanethiosulfonate ethylammonium added to the extracellular 
side of the membrane, in the absence and presence of ACh, was determined (Akabas et al., 1994). Both a helical net and a helical wheel are 
shown. 
C-terminal portion of the 5HT3 receptor, containing its 
channel and gate, coupled the binding of ACh to the open- 
ing of a 5HT3-receptor-like channel (Eisele et al., 1993). 
The Channel 
Channel Dimensions 
Images derived from electron microscopy of the ACh re- 
ceptor show a wide and deep lumen along the central axis 
of the extracellular domain that, no doubt, leads to the 
transmembrane channel (see Figure 3)(Unwin, 1993). The 
lumen of the channel in the membrane-spanning domain, 
however, has not been resolved. The permeabilities of 
organic cations through the open ACh receptor channel 
imply that the diameter of the narrowest portion is 7-8 A 
(Huanget al., 1978; Dwyeret al., 1980; Cohenet al., 1992). 
Since the diameters of a sodium ion and of a water mole- 
cule are each - 3 A, sodium can permeate the narrowest 
part of the channel partially hydrated. From streaming po- 
tential measurements, Dani (1989) estimated the !ength 
of the narrowest portion of the channel to be 3-6 A; i.e., 
about the rise of one a-helical turn. The effects of muta- 
tions on the selectivity of the channel are also consistent 
with the narrowest portion extending over only one helical 
turn (see below). The diameters of the narrowest portions 
of the anion-conducting Gly receptor channel and GABAA 
receptor channel are about 5 and 6 A, respectively (Bor- 
mann et al., 1987), slightly narrower than the cation- 
conducting ACh receptor channel. 
Identifying Channel-Lining Residues 
Residues have been implicated in the structure and func- 
tion of the channel by three approaches: the functional 
effects of mutations, covalent labeling by photoactivated 
noncompetitive inhibitors, and the substituted-cysteine 
accessibility method. There are uncertainties in the inter- 
pretationsof each of these approaches; they are, however, 
consistent in their identification of residues in the M2 
segment. 
Effects of Mutations on Conductance 
and Selectivity 
The effects of mutations indicate that the M2 segments 
are particularly important in forming the ACh receptor 
channel. The nineteen residues in each of the M2 seg- 
ments (aMet- to aVal-261 and the aligned residues in 
the other subunits) are uncharged and mostly hydropho- 
bic. The M2 segments are flanked by charged residues 
(Figure 5). The sequences in and around M2 in different 
subunits (and different species) are very similar, and muta- 
tions of aligned residues in different subunits have similar 
(Imoto et al., 1988) though not always identical, effects 
(Villarroel et al., 1992). The similarity of the effects of the 
mutation of aligned residues in different subunits is consis- 
tent with a quasisymmetrical arrangement of five M2 seg- 
ments around the channel, so that each set of aligned 
residues in the different subunits forms a ring around the 
channel. This view is also consistent with the labeling of 
M2 by noncompetitive inhibitors (see below). 
The conductances and selectivity for monovalent Cat- 
ions are highly sensitive to mutations of residues in only 
two of these rings. One of these rings flanks the cyto- 
plasmic end of M2 and consists of aGtu-241 and the 
aligned residues in the other subunits (referred to as the 
intermediate ring; lmoto et al., 1988; Konno et al., 1991). 
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The other ring is one helical turn up and consists of aThr- 
244 and the aligned residues in the other subunits (Vil- 
larroel et al., 1991, 1992; lmoto et a!., 1991; Cohen et al., 
1992). The two rings are about 5 A apart and probably 
correspond to the part of the channel inferred by Dani 
(1989) to be short and narrow. Also, in the Gly receptor, 
conductance is sensitive to mutation of the residue in the 
a subunit aligned with aThr-244 of the ACh receptor (Bor- 
mann et al. 1993). 
Two other rings of mostly negatively charged residues- 
the cytoplasmic ring, consisting of the residues aligned 
with aAsp-238, and the extracellular ring, consisting of the 
residues aligned with aGlu-262- influence cation conduc- 
tance moderately (Imoto et al., 1988) but not, however, 
by a simple electrostatic mechanism (Kienker et al., 1994). 
It is clear from the effects of mutating these and several 
additional residues in M2 that no single side chain is indis- 
pensable for the conduction of small monovalent cations 
through the ACh receptor channel (Leonard et al., 1988; 
Charnet et al., 1990; lmoto et al., 1991; Villarroel et al., 
1991; Bertrand et al., 1993). 
The contribution of the charged rings at the ends of M2 
to the selectivity of the Cys-loop receptor channels for 
cations or anions is not clear. The cytoplasmic ring of all 
Cys-loop receptors, both cation-conducting and anion- 
conducting, is negatively charged. (An exception is the 
homomeric receptor formed by the p subunits of the 
GABAA receptor.) Therefore, the cytoplasmic ring cannot 
be responsible for charge selectivity. The net charge of 
the extracellular ring is negative for the cation-conducting 
receptors and between -1 and +l for the anion-con- 
ducting receptors, but mutations of this ring in the ACh 
receptor had only small effectson cation conductance(see 
above). In addition, a negatively charged reagent has ac- 
cess to the extracellular third of the ACh receptor channel 
(Akabas et al., 1994), and a positively charged reagent 
has access to the extracellular half of the GABAn receptor 
channel (Xu and Akabas, 1993; Xu et al., 1995). Therefore, 
the extracellular ring is unlikely to be responsible for 
charge selectivity. The intermediate ring is net negative 
in the cation-conducting ACh and 5HT3 receptors and is 
uncharged irfthe anion-conducting GABAA and Gly recep- 
tors. Changes in the charge of the intermediate ring did 
have large effects on cation conductance in the ACh re- 
ceptor(see above). Nevertheless, thechargeson the inter- 
mediate ring are not the sole determinants of charge selec- 
tivity. The neurona! a7subunit, expressed heterologously, 
forms a functional homomeric complex with a relatively 
high permeability to Ca2+ and an appreciable permeability 
to Cl- (Bertrand et al., 1993). Mutation of the ACh receptor 
a7 intermediate-ring Glu to Ala neutralized the charge on 
the intermediate ring; nevertheless, the channel still con- 
ducted Na’ and K’, although not Ca”. Only after one addi- 
tional change in the Ml-M2 loop and one in M2, substitut- 
ing the residues found in the anion-selective Gly receptor 
al subunit, was there a complete loss of cation permeabil- 
ity and enhancement (or retention) of anion permeability 
(Galzi et al., 1992). Because the charged residues at the 
ends of the M2 segment alone do not determine the 
charge-selectivity of the channel, other aspects of channel 
structure, possibly involving exposed peptide backbone 
amide and carbonyl groups, must play a role. 
Labeling with Noncompetitive Inhibitors 
Noncompetitive inhibitors of the ACh receptor lower the 
probability that the channel will be in a conducting state 
by promoting either the desensitized or the resting states 
or by occluding the open channel in a voltage-dependent 
manner (Neher and Steinbach, 1978; see Karlin, 1991, for 
additional references). On the assumption that they bind 
within the open channel, reactive derivatives of noncom- 
petitive inhibitors were used to label and identify the resi- 
dues that line the ion-conducting pathway of the ACh re- 
ceptor. Residues that aligned with aThr-244, aSer-248. 
aLeu-251, aVal-255, and uGlu-262 were labeled, although 
not in all subunits (Giraudat et al., 1986, 1987, 1989; Hu- 
cho et al., 1986; Revah et al., 1990; Pedersen et al., 1992; 
White and Cohen, 1992). The residues labeled in M2 lie 
on one side of an a helix and are among those identified by 
mutagenesis (see above) and by the substituted-cysteine 
accessibility method (Figure 5). By contrast with the other 
labels, the noncompetitive-inhibitor derivative quinacrine 
azide labeled residues at the extracellular end of aM1 (Di- 
Paola et al., 1990; Karlin, 1991), which also contributes 
to the channel lining (see below). 
Not only were residuesaligned with aSer-248 and aLeu- 
251 labeled by noncompetitive-inhibitor derivatives, but 
the mutation of these residues and of a neighboring resi- 
due, aSer-252, affected the kinetics of channel blocking 
by the noncompetitive inhibitor QX-222 (Leonard et al., 
1988; Charnet et al., 1990; Revah et al., 1991). Thus, this 
region of M2 likely contributes to a site where noncompeti- 
tive inhibitors reside and block the channel. 
Substituted-Cysteine Accessibility Method 
The substituted-cysteine accessibility method systematl- 
tally identifies residues that face the channel lumen (Aka- 
bas et al., 1992, 1994). The assumptions of the method 
are that if the function of the mutant is near wild type then 
the structure of the mutant is near wild type; that in the 
membrane-spanning segments, only residues facing the 
channel lumen are accessible to charged lipophobic re- 
agents; and that if such a reagent reacts with a cysteinyl 
sulfhydryl facing the lumen, the agonist-induced current 
through the channel will be altered. Both positively and 
negatively charged derivatives of methanethiosulfonate 
(MTS) were tested (Stauffer and Karlin, 1994). These deriv- 
atives react exclusively with sulfhydryl groups and are 
highly soluble in water and relatively insoluble in nonpolar 
solvents. A positively charged derivative, MTS-ethyl- 
ammonium, is conducted by the open ACh receptor chan- 
nel. Its reaction with the cysteine sulfhydryl generates a 
lysine-like side chain. 
In the ACh receptor, 25 consecutive residues in and 
flanking aM2 (Akabas et al., 1994) and 14 consecutive 
residues in aM1 (Akabas and Karlin, 1995) were mutated, 
one at a time, to Cys; and the mutant a subunits were 
coexpressed with wild-type s, y, and 6 in Xenopus oocytes. 
All the mutants except two (aK242C and aP221C) pro- 
duced robust currents in response to ACh. Ten residues 
in and around M2, in the range of aGlu-241 to aGlu-262, 
when substituted by cysteine, were accessible from the 
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extracellular end of the channel to MTS-ethylammonium 
(Figure 5) (Akabas et al., 1994). Thus, these 10 residues 
face the lumen of the channel, and the other 11 residues 
tested probably do not. Except for aLeu-245 and aLeu- 
250, the residues identified as accessible by the substi- 
tuted-cysteine accessibility method, or the aligned resi- 
dues in other subunits, were also implicated in channel 
function either by affinity labeling or by mutagenesis. 
Residues toward the extracellular end of the Ml seg- 
ment of the a subunit are also exposed in the channel 
lumen. Of the 15 N-terminal residuesof aM1 from Pro-21 1 
to Phe-225, 7 were accessible to MTS-ethylammonium 
(Figure 6) (Akabas and Karlin, 1995). Only the labeling by 
quinacrine azide had previously indicated that Ml might 
be exposed in the channel (DiPaola et al., 1990). 
The substituted-cysteine accessibility method has also 
been applied to the GABAA receptor M2 segment, in which 
9 residues were found to be exposed in the channel (Xu 
and Akabas, 1993; Xu et al., 1995; M. Xu and M. H. Aka- 
bas, unpublished data). Of the 9 residues, 7 align with 
exposed residues in the ACh receptor M2 segment (Figure 
7). Among these 7 pairs of aligned residues exposed in 
both channels, only 1 pair consists of identical residues 
and 3 pairs consist of similar residues. On the two subunits 
tested, five Ser or Thr are exposed in the channel of the 
GABAA receptor and three Ser or Thr are exposed in the 
ACh receptor channel. The roles of the hydroxyl groups 
on these Ser and Thr are not established, but they could 
play a role in stabilizing ions and water in these channels, 
as well as stabilizing the conformation that exposes them 
to water. No single one of them, however, is crucial for 
the expression or the function of the channel. Overall in 
the aligned M2 segments, the residues are identical only 
at two positions and similar at five others. Curiously, the 
sequences TLSIS and TVF occur in the M2 segments of 
both the ACh receptor a subunit and the GABA,, receptor 
al subunit, but at opposite ends of the segments (Figure 
7). Other than the charge differences in the flanking re- 
gions discussed above, the sequences of the M2 regions 
of the two receptors do not reveal the basis for their oppo- 
site chargeselectivity. Different exposuresof carbonyl and 
amide groups in the cation-selective and anion-selective 
channels could play a role. 
Secondary Structure of Channel-Lining Segments 
Regular secondary structure can be inferred from the pat- 
tern of accessibility of residues in the channel. In both Ml 
and M2, the accessibilities of residues substituted by Cys 
to MTS-ethylammonium are different in the absence of 
ACh, in the closed state, and in the presence of ACh, in 
the open or desensitized states (Figures 5 and 6) (Akabas 
et al., 1994; Akabas and Karlin, 1995). In the absence of 
ACh, the pattern of accessibility in M2 is consistent with 
a stripe of an a helix interrupted by a short nonhelical 
segment (aLeu-250 to aSer-252), while in the presence 
of ACh, the pattern is consistent with an uninterrupted a 
helix (see Figure 6). Residues in M2 that were photola- 
beled by noncompetitive-inhibitor derivatives also fall on 
a stripe of an a helix (Revah et al., 1990). By contrast, 
the pattern of accessibility of cysteines substituted in the 
N-terminal half of Ml is inconsistent with the exposure in 
Ml 
Ml 
Figure 6. A Model for the ACh Receptor Channel and Gate in the 
Closed and Open States 
Only Ml and M2 of the CI subunits are shown. It is presumed that Ml 
and M2 in the other subunits will make similar contributions to the 
lining of the channel. The shaded circles represent a sodium ion in 
thechannel. Thecysteine-substituted residuesaccessible tomethane- 
thiosulfonate ethylammonium, added extracellularly for 1 min in the 
absence (closed state) and presence (open state) of ACh, are explicitly 
labeled. M2 is represented as an interrupted a helix in the closed state 
(Akabas et al., 1994) and as an uninterrupted a helix in the open state. 
The extracellular half of the Ml segment is modeled with an irregular 
secondary structure, and the intracellular half is modeled as an a helix. 
The relative movement of Ml and M2 and the change in secondary 
structure are hypothesized to flip the gate, which is formed in this 
model by the loop between Ml and M2. 
the channel of one side of either an a helix or a 6 strand, 
and this segment may have an irregular secondary struc- 
ture. The pattern of accessibility in M2 of the al subunit 
of the GABAI, receptor is consistent with an a-helical con- 
formation, except in the middle, at Thr-262, where the helix 
might be interrupted (M. Xu and M. H. Akabas, unpub- 
lished data), as it is in the middle of aM2 in the ACh recep- 
tor. The interruption of regular secondary structure in M2 
might expose peptide carbonyl and amide groups to water 
and ions in the channel. 
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The Gate 
Location 
The substituted-cysteine accessibility method can locate 
the gate. MTS-ethylammonium is conducted by the open 
channel but not detectably by the closed channel (Akabas 
et al., 1994). Therefore, a residue substituted by cysteine 
that is accessible in the closed state of the channel to 
MTS-ethylammonium added extracqllularly should be on 
the extracellular side of the gate. Because the channel of 
the ACh receptor can spontaneously open in the absence 
of ACh, albeit with low probability (Jackson, 1984) and 
even a highly polar reagent might find a path around the 
closed gate, the rates of reaction in the presence and ab- 
sence of ACh should be compared. Three channel-lining 
residues close to the intracellular end of the channel, aGlu- 
241, aThr-244, and aLeu-245, when substituted by Cys, 
reacted with MTS-ethylammonium added extracellularly 
in the absence of ACh (Figures 5 and 8). Two of these, 
aT244C (J. M. Pascual and A. Karlin, unpublished data) 
and aE241C, reacted faster in the presence of ACh, and 
one, aL245C, reacted faster in the absence of ACh (Aka- 
bas et al., 1994). Thus, the gate is at least as close to the 
intracellular end of the channel as aLeu-245. Locating the 
gate more precisely would require the determination of 
the spontaneous open probability of each of the mutants 
and their rates of reaction in the open and closed states 
with MTS-ethylammonium applied to the intracellular, as 
well as to the extracellular, side of the membrane. In the 
GABAn receptor, an anionic reagent added extracellularly 
reacted with alV257C in both the presence and the ab- 
sence of GABA, suggesting that the gate is at least as 
close to the intracellular end of the channel as alVal-257, 
which aligns kith the ACh receptor aThr-244 (Figure 7) 
(Xu et al., 1995). 
A gate at the intracellular end of the ACh receptor chan- 
nel could be formed either by the loop between Ml and 
M2, as illustrated in Figure 6; by residues in the loop be- 
tween M3 and M4; or by the narrowest part of the channel 
itself, the residues from aGlu-241 to aThr-244. 
Unwin (1993, 1995) by contrast, postulated that the 
gate is formed at a kink in the middle of the M2 segment 
by the interdigitation of aLeu-251 and the aligned leucines 
in the other subunits and that these leucines rotate to the 
side on channel opening. If a ring of five interacting leu- 
tines formed the gate, however, it is unlikely that such 
a gate would function if the leucines were replaced with 
smaller, more polar residues like serines or alanines. Yet 
the homooligomeric ACh receptor formed by a mutant of 
a7, in which the Leu aligned with aLeu-251 is a Ser, still 
gates (Revah et al., 1991). Also, in the homooligomeric 
5HT3 receptor, the gate still functions in the mutant in 
which Leu-286, which aligns with the ACh receptor aLeu- 
251, is mutated to Ala (Yakel et al., 1993). Furthermore, 
in muscle ACh receptor, the effect of combining various 
numbers of subunits in which the Leu aligned with aLeu- 
251 was mutated to Ser or Thr showed that each additional 
substitution of a mutant subunit increased the apparent 
affinity for agonist by an equal factor; i.e., the leucines in 
the different subunits had independent effects and were 
unlikely to be interacting directly (Filatov and White, 1995; 
Labarca et al., 1995). 
Changes in Channel Structure Associated 
with Gating 
The accessibilities of many of the cysteine-substituted res- 
idues in Ml and M2 were different in the presence and 
absence of ACh (Figures 5 and 6). (In the presence of 
ACh, both active and desensitized receptors are present.) 
At the intracellular end of M2, aG240C, aE241C, and 
aT244C react faster with MTS-ethylammonium in the pres- 
ence of ACh, whereas aL245C reacts faster in the absence 
of ACh (see Figure 5) (Akabas et al., 1994; M. H. Akabas, 
unpublished data). Toward the extracellular end of the 
channel, reciprocal changes were observed in Ml and M2 
on the addition of ACh: Three residues in M2 became 
more accessible, and four residues in Ml became less 
accessible (Akabas et al., 1994; Akabas and Karlin, 1995). 
These reciprocal changes could be due to the sliding of Ml 
past M2 (see Figure 6). The picture is not simple, however, 
because the accessibilities of nearby residues in Ml and 
M2 changed in the opposite direction. The ACh-induced 
change in the structure of the membrane-spanning kinked 
rods resolved by Unwin (1995) and the changes in the 
accessibilitiesof Ml and M2 are likely to be manifestations 
of the same conformational changes. 
Thus, both Ml and M2 are likely to play roles in the 
propagation of activation from the extracellular domain 
through the membrane to the intracellular gate. Given the 
quasisymmetry of the channel, each M2 is likely to be 
bracketed by two Ml segments, one from the same sub- 
unit and one from the neighboring subunit (Akabas et al., 
1994) so that the sliding of Ml and M2 could result from 
the rotation of the subunits. One possibility is that the slid- 
ing of Ml and M2 flips the gate out of the conduction 
pathway (see Figure 6). 
Mutations Affecting Gating and 
Desensitization Rates 
Mutations of residues in Ml (Lo et al., 1991; Akabas and 
Karlin, 1995) M2 (Revah et al.,1991; Akabas et al., 1992, 
1994; Bertrand et al., 1993; Ohno et al., 1995) and M4 
(Lee et al., 1994) have effects on the rates of gating and/ 
or desensitization. The sensitivity of the kinetics of the 
transition between functional states to the mutation of a 
Neuron 
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residue implies that the interactions of the residue are 
different in the two states; i.e., the molecular environment 
of the residue changes. We have already discussed other 
evidence that ACh induces the residues in the membrane- 
spanning domain to move (Akabas et al., 1992, 1994; 
White and Cohen, 1992; Akabas and Karlin, 1995; Unwin, 
1995). One manifestation of a change in gating kinetics 
is a change in the apparent affinity for ACh (Akabas et al., 
1992). The mutation to Cys of many of the residues in aM2 
significantly increased or decreased the apparent affinity 
for ACh, but these effects did not correlate with the expo- 
sure of the residue in the channel (Akabas et al., 1994): 
mutations of buried residues, a& well as exposed residues, 
can alter transition kinetics. Even in the M4 segment, 
which is exposed to the lipid bilayer (Blanton and Cohen, 
1994) and can be replaced with foreign hydrophobic mem- 
brane-spanning segments without loss of function (Tobi- 
matsu et al., 1987), mutations significantly altered channel 
open time and the rate of desensitization (Bouzat et al., 
1994; Lee et al. 1994). 
Formally, these mutations alter the relative stabilities 
of the different functional states or the height of the energy 
barrier between them. Physically, there are many possible 
mechanisms for the alteration of the kinetics. Mutations 
of hydrophobic residues aligned with aLeu-251, aVJ-255, 
and aLeu-258 to more polar residues increased the appar- 
ent affinity of the receptor for ACh (Revah et al., 1991; 
Akabas et al., 1992, 1994; Bertrand et al., 1993; Filatov 
and White, 1995; Labarca et al., 1995). Because these 
residues in M2 are far from the ACh binding sites, this 
increase in the apparent affinity is likely due to a stabiliza- 
tion of the open state relative to the closed state (Akabas 
et al., 1992; Filatov and White, 1995; Labarca et al., 1995). 
One possible mechanism for this stabilization is suggested 
by the increased exposure induced by ACh of aL251C, 
aV255C, and aL258C to MTS-ethylammonium: these non- 
polar residues could be partially buried in the hydrophbbic 
interior of the protein in the closed state of the channel 
and exposed to water in the channel lumen in the open 
state (see Figure 5) (Akabas et al., 1994). Mutating these 
residues to more polar residues could stabilize the open 
state relative to the closed state. 
Overview 
The Cys-loop receptors, the ACh receptors and their cous- 
ins, are coming into focus. For the ACh receptor, the over- 
all shape of the pentameric complex and some internal 
structure are now known to about 9 A resolution. Its sub- 
unit-s are arranged around a central channel that is about 
25 p wide in the extracellular domain but narrows to about 
7 A close to the cytoplasmic end of the membrane- 
spanning domain. The N-terminal halves of the subunits 
are extracellular and form the ACh binding sites. In mus- 
cle-type ACh receptors, which have the composition 
a&8, the two ACh binding sites are formed in the inter- 
faces between one a subunit and the y subunit and be- 
tween another a subunit and the 6 subunit. Several resi- 
dues that are in or close to the ACh binding sites have 
been identified both on the a subunits and on the y and 
6 subunits, and include negatively charged residues, aro- 
matic residues, and adjacent disulfide-linked cysteines. 
The binding of ACh in the interfaces between subunits 
promotes local conformation al changes propagated possi- 
bly as small rotations of the subunits. 
Each subunit has four membrane-spanning segments 
(Ml-M4), among which M2 plays the major role in lining 
the channel lumen and in determining its conductance 
and selectivity. Residues toward the extracellular end of 
Ml are also exposed in the channel. M2 forms an a helix, 
interrupted in the middle by a short nonhelical section. 
The exposed half of Ml does not have a regular secondary 
structure; M3 and M4, by contrast, are at least partly a 
helical. The exposures of many residues in Ml and in M2 
are different in the presence and absence of ACh. Thus, 
Ml and M2 undergo conformational changes that may be 
part of the gating process. The gate itself is close to the 
cytoplasmic end of the channel and could be opened and 
closed by the relative movements of the Ml and M2 seg- 
ments. 
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